This article provides a review of the recent theory of transport in nanopores developed in the author's laboratory. In particular the influence of fluid-solid interactions on the transport coefficient is examined, showing that such interactions reduce the value of the coefficient by almost an order of magnitude in comparison to the Knudsen theory for non-interacting systems. The activation energy and potential energy barriers for diffusion in smooth pores with a one-dimensional potential energy profile are also discussed, indicating the inadequacy of the commonly used assumption of proportionality between the activation energy and heat of adsorption or the minimum pore potential energy. A further feature affected by fluid-solid interactions is the nature of the reflection of fluid molecules colliding with a pore wall surface, varying from being nearly specular -such as in carbon nanotubes -to nearly diffuse for amorphous solids. Diffuse reflection leads to momentum loss and reduced transport coefficients. However, fluid-solid interactions do not affect the transport coefficient in the single-file diffusion regime when the surface reflection is diffuse, and the transport coefficient in this case is largely independent of the adsorbed density.
INTRODUCTION
Interest in the problem of transport in narrow pores and confined spaces has a long history, having its genesis in the pioneering works of Knudsen (1909) and von Smoluchowski (1910) in the early part of the 20th century. Over the last century there has been sustained activity in this area, because of the numerous applications in catalysis, gas-solid reactions, adsorptive and membrane separations as well as a host of other areas. Nevertheless, despite this long history, only limited progress was achieved until recently, with models and theories predominantly relying on variations of the early results of almost a century ago. Following Knudsen (1909) and von Smoluchowski (1910) , these models (Pollard 1948) have considered hard-sphere systems, thereby assuming negligible influence of intermolecular interactions on the transport. For example, the well-known dusty gas model of Mason et al. (1967) is based on such assumptions, but is still among the most popular of the approaches used in the modelling of transport in catalysts and adsorbents (Jackson 1977; Cunningham and Williams 1980) . However, because of the inherent weakness in the assumption of a non-interacting system, arbitrary semi-empirical fitting parameters are often introduced to obtain a better correlation of the experimental data (Kärger and Ruthven 1992; Xiao and Wei 1992) . Among these is the empirical assumption of activated diffusion in micropores, where the Knudsen theory is seriously in error. Activated carbons and zeolites are among the most common examples of materials where such assumptions are invoked (Cunningham and Williams 1980; Kärger and Ruthven 1992) . Figure 1 (Weisz 1973) illustrates the different regimes for the diffusion of gases in pores over a wide range of sizes. Of these, the regime of molecular diffusion is pertinent to the transport of mixtures, but is not relevant to the present review which focuses on single-component transport.
In recent times, there has been an explosive development in ordered new materials, such as the MCM-41S family of mesoporous materials (Selvam et al. 2001) , carbon nanotubes (Ijima 1991) and a host of other microporous and mesoporous materials (Davis 1991 (Davis , 2002 Kitagawa et al. 2004) which have a wide variety of conventional and novel applications. Interest in the problem of transport has therefore increased, particularly in view of the ideal and ordered nature of these materials, permitting the development and validation of theories free from the need to introduce arbitrary adjustable parameters. In particular, the consideration of intermolecular interactions is an important issue that is being addressed. Rigorous theories have proved elusive because mechanical models considering such interactions rapidly become intractable (Pozhar and Gubbins 1999) and molecular dynamics simulations (Allen and Tildesley 1987; Nicholson and Travis 2000; Sholl 2003, 2004; Arya et al. 2001; Sokhan et al. 2002; Bhatia and Nicholson 2003a; Jepps et al. 2004; Bhatia et al. 2004 Bhatia et al. , 2005 have emerged as a powerful tool for guiding the development of tractable theories and models. Such simulations have pointed to the over-estimation of transport coefficients due to the neglect of fluid-solid interactions, and to the important role of solid surface morphology on the transport. The latter is manifested through the influence of the energetic heterogeneities on the potential energy landscape near the surface, which in turn affects the degree of specularity of reflections of fluid atoms colliding with the solid surface (Chen and Sholl 2003; Bhatia et al. 2005; Arya et al. 2003) . Recently, we have developed a new theory (Jepps et al. 2003) for the transport of simple singlecentre fluids in narrow pores, which is exact at low densities. At higher densities beyond the Henry's law region, the effect of intermolecular interactions is treated through an approximate local average density model of viscous flow. The results are found to be in satisfactory agreement with simulation over a wide range of pore sizes and adsorbate densities Nicholson 2003a,b, 2005; Bhatia et al. 2004; Jepps et al. 2004) . Here, we review the role of Lennard-Jones (LJ) intermolecular interactions on the transport with the help of the new theory, predominantly at low densities where the theory is exact. Further, to focus the discussion, we shall confine the presentation to cylindrical pores in silica having infinite wall thickness, although the conclusions are valid for pores of other shapes such as slit-shaped pores in carbon as elaborated by Jepps et al. (2003 Jepps et al. ( , 2004 .
RECENT THEORY FOR TRANSPORT AT LOW DENSITY
Our theory for transport at low density considers the motion of a fluid molecule in a cylindrical pore under the action of an arbitrary axial force f, which represents the chemical potential gradient. This is often disguised as a fictitious force applied to each molecule in non-equilibrium molecular dynamics (NEMD) simulations. In addition, the molecule is subjected to a force field from its interaction with the pore walls, as a result of which it undergoes an oscillatory motion along the pore cross-section while being axially forced by the applied force f. The radial bounds of this oscillatory motion correspond to the points where the molecule changes direction, given by the values r c0 and r c1 in Figure 2 (a), which depicts the motion. Of these, R c1 corresponds to the point of reflection. At this point, the molecule is assumed to be reflected diffusely in the tangential plane, thereby losing its net momentum. Figure 2 (b) depicts the potential energy surfaces for the methane molecule in cylindrical pores of various radii in silica, together with the oscillation of molecules around the potential minimum. Details of the interaction parameters for the potential energy calculations are available elsewhere (Bhatia and Nicholson 2005) .
Whilst the above diffuse reflection assumption corresponds to that used by Knudsen (1909) in his classical derivation for non-interacting systems, recent simulation-based studies of the diffusion of methane and hydrogen in ideal graphitic slit pores and carbon nanotubes Sokhan et al. 2001 Sokhan et al. , 2002 Bhatia et al. 2005) have shown that reflection from these surfaces can be nearly specular because of the nearly smooth energy landscape offered by graphitic surfaces. This smooth landscape is due to the small inter-atomic spacing of the covalently bonded carbon atoms of about 0.142 nm, which is significantly smaller than the size of the diffusing molecule. This is consistent with the work of Arya et al. (2003) which showed the reflection to be a highly sensitive function of the surface morphology and structure, with an increasing degree of specularity as the surface lattice unit cell size decreased. However, in more recent simulations, reflections from carbon nanotubes with surface defects have been found to be much less specular with a high degree of diffuse component (Roth and Mesentseva 2004) . Similarly, experiments with nitrogen diffusion in large carbon nanotubes (0.75 nm diameter), in which fluid-solid interactions are weak, have been explained satisfactorily on the basis of the Knudsen diffusion coefficient (Hinds et al. 2004) , which is suggestive of diffuse reflection. In most recent experiments, Majumder et al. (2005) report very high fluxes for organic liquids in carbon nanotube membranes, confirming the earlier predictions of nearly specular reflection. This seemingly contradictory body of evidence would suggest that diffuse reflection may perhaps occur due to the less ideal or more defective nature of the nanotube surface in some cases. Nevertheless, the results do indicate the relevance of the diffuse reflection condition to real porous materials, where smooth energy landscapes would be expected to be the exception rather than the rule.
Under steady flow conditions, the transport coefficient may be determined from the mean duration 〈τ〉 of the trajectory between successive reflections, as suggested by Jepps et al. (2003) :
(1) which conjugates with a chemical potential gradient driving force. During its oscillation time τ, a moving molecule gains momentum from the action of the applied force, but this momentum is lost upon diffuse reflection at the next molecule-wall collision. The mean oscillation time 〈τ〉 may now be obtained by an analysis of the trajectory dynamics. To this end, we define the Hamiltonian:
(2) for the particle motion in the conservative potential field of the adsorbent, φ fs (r), assumed to be one-dimensional. Here p r , p θ and p z are the momenta in cylindrical coordinates. Further, for the low-density case being discussed here, fluid-fluid interactions are considered insignificant and not considered in the Hamiltonian. Following the Hamiltonian equations of motion, we obtain the solution for the radial momentum profile of a particle moving towards the wall as:
( 3) Here p r (r′,r,p r ,p θ ) is the radial momentum at position r′ for a particle having a radial momentum p r at position r. Upon utilizing the relationship m dr/dt = p r , equation (3) readily provides the oscillation time as:
( 4) where r c1 (r, p r , p θ ) and r c0 (r, p r , p θ ) are the values of r′ corresponding to the solution of (5)
Considering a canonical distribution of energies, we may now obtain the mean oscillation time -and, subsequently, the transport diffusivity at low density -from equation (3), as:
where dr and p r (r′,r,p r ,p θ ) follows equation (3). This result is valid under conditions at which the intermolecular interactions between the moving fluid particles are insignificant. It has been shown ) that when fluid-solid interactions are neglected, equation (6) yields the well-known Knudsen result: (7) which is based on the concept of the diffuse reflection of molecules colliding with the pore surface. Here r ph is the radius of the available pore space given by r K = r p -σ fs h ,where r p is the radial position of the first layer of surface sites in the pore wall and σ h fs (= 0.92σ fs ) is the effective hard-sphere diameter for the fluid and silica surface interaction, so that φ fs = 0, r ≤ r K and φ fs → ∞, r > r K . Thus, the classical Knudsen theory is a limiting case of our new theory considering fluid-solid interactions. Simple scaling arguments with equation (6) readily show that for an LJ fluid and LJ sites in the solid, with solid-fluid interaction parameters ε fs and σ fs : 
in which r pf = r p -σ fs is a suitably chosen reference pore radius, the function depends on the fluid-solid interaction potential, φ fs (r), and ρ s is the density of the atoms in the solid phase. Equation (8) holds for a cylindrical pore when the solid phase is amorphous with a uniform density of LJ sites, ρ s , for which φ fs (r) follows the Everett-Powl (1976) or other suitable equivalent form. From equation (8), it is also evident that the Knudsen result, corresponding to ε fs = 0 and r pf = r K , represents the high-temperature limit for interacting systems.
EFFECT OF FLUID-SOLID INTERACTION ON THE TRANSPORT COEFFICIENT

Comparison with the Knudsen coefficient
On the basis of the above theory, it is evident that fluid-solid interactions will affect the transport coefficient through their effect on the mean oscillation time 〈τ〉. Extensive calculations conducted in our laboratory show that such interactions reduce the value of the transport coefficient Jepps et al. 2003; Bhatia and Nicholson 2005) . This is primarily because dispersive interactions shorten the length of the trajectories of the moving fluid atoms, which in turn reduces the oscillation time between wall collisions. Figure 3 ) depicts the variation of the transport coefficient of methane with pore size for diffusion in cylindrical pores in amorphous silica at 450 K. In these calculations, the pore walls were considered to be infinitely thick with discrete LJ sites in hexagonal close-packing, the separation between the sites being 2 1/6 σ where σ is their LJ size parameter. Excellent agreement with equilibrium and non-equilibrium molecular dynamics simulation (EMD and NEMD, respectively) was obtained, confirming the accuracy of the theory. Figure 3 also shows that the diffusivity based on the theory and simulation is significantly smaller than that predicted by the Knudsen expression in equation (7), with the latter being in error by almost an order of magnitude regardless of how the pore size was interpreted. Whilst it is common to consider r K as being equal to rp in the chemical engineering literature, Figure 3 shows that the choice r K = r p -0.92σ fs (where 0.92σ fs is an effective hard-sphere diameter) is superior, particularly at small pore sizes. Similar results have been found for other gases (Bhatia and Nicholson 2005) , as shown in Figure 4 for H 2 and CF 4 at 300 K. All these results point to the serious over-prediction of the transport coefficient by the Knudsen theory, which neglects solid-fluid interactions. The effect of such interactions is more directly shown in Figure 5 , which is motivated by equation (8). On the basis of equation (7), it is readily estimated that the quantity as predicted by the Knudsen theory is 33.99 (depicted as the horizontal dashed line), which is substantially larger than the value considering fluid-solid interactions. As the strength of the dispersive interaction increases (i.e. an increase in ε sf ), the diffusion is clearly retarded.
At sufficiently small pore sizes, Figures 3 and 4 both show steep variations of the transport coefficient with pore diameter, suggesting the origin of the kinetic molecular sieving behaviour. For each gas, the diffusivity drops dramatically with decrease in pore size below a critical pore size, such that the ratio of the molecular size parameter, σ ff , to the open pore diameter (2r p -σ s ) is ca. 0.61-0.63 (Bhatia and Nicholson 2005) , and for pores above this critical size the potential energy minimum is not confined to the pore axis. For methane, this critical pore diameter is 0.95 nm, with a drastic drop in diffusivity for smaller pores. As seen in Figure 2 for a slightly larger pore diameter of 1.06 nm, the potential energy minimum is off-centre, and for a smaller diameter of 0.76 nm it is at the pore axis.
Referring to our oscillator model, the steep decline in diffusivity below the critical size is due to the large decrease in the space available for the oscillation of the methane molecules confined in the vicinity of the pore axis (as evident in Figure 2) , as a result of which the oscillation period decreases. However, at the critical size, which is close to the transition from the point where the potential minimum moves away from the axis, an increase can occur in the space available for oscillation with a consequent increase in the oscillation period. On further increase in pore width, a potential well appears off-centre and the molecule largely oscillates in a narrow region within the confines of this well, leading to a reduction in the oscillation period. This leads to the appearance of a maximum in the diffusivity at the critical pore size, which is weakly seen for CF 4 in Figure 4 . This appearance of a maximum has been observed in simulation studies of molecules passing through windows between cages in zeolites, and is variously referred to as a levitated or floating molecule effect (Derouane et al. 1988; Yashonath and Santikary 1994) . No quantitative theoretical explanation has been published previously, however. As is evident from Figure 4 , our theory readily predicts this maximum thereby offering a simple quantitative explanation of this effect. A more detailed discussion of this maximum is provided elsewhere (Anil Kumar and Bhatia 2006) .
Activation energy and potential energy barriers
The activation energy for diffusion in small pores has long been a subject of much debate. Experimentally, it is known that the activation energy is far greater than that anticipated by the Knudsen theory, and it is common to consider the diffusion in micropores to be activated (Kärger and Ruthven 1992; Yang 1987) with the activation energy being proportional to the magnitude of the heat of adsorption. Since at low densities the latter is equal to the magnitude of the minimum pore potential energy, |φ fs | min , this leads to the correlation E = a|φ fs | min , where a is an empirical constant. Literature data appear to suggest that a < 1 (Yang 1987) . Our theory, however, suggests that this empirical approach has little theoretical basis, and can yield incorrect trends . Figure 6 ) depicts the variation in activation energy for methane with pore diameter predicted by our theory in the temperature range 300-500 K, showing that the 108 Suresh K. Bhatia/Adsorption Science & Technology Vol. 24 activation energy increases with pore diameter with a weak dependence at large pore sizes. On the other hand, the magnitude of the minimum potential energy exhibits an opposite dependence on the pore diameter, as a result of which the value of a is not constant but a function of the pore size.
The behaviour of the activation energy may be analyzed in terms of our theory by differentiating equation (6) to obtain the apparent activation energy as : (9) which may be construed as the excess of a suitably averaged Hamiltonian over the sum of the average potential energy and axial kinetic energy, and therefore (in a loose sense) an average of the total radial and angular kinetic energies. Physically, in a smooth one-dimensional pore, there are no axial barriers to the diffusion, and Figure 2 shows that the maximum potential barrier for the oscillation is the magnitude of the difference in potential energy between the pore centre and the potential minimum location -for those pores large enough that the latter is not the pore axis. The actual barrier experienced by any molecule will depend on its value of r c0 , which in turn depends on the sum of its radial and angular kinetic energies. Thus, while the magnitude of the minimum potential energy provides an upper bound of the activation energy, the two are by no means proportional. Furthermore, r c0 lies near the centre in pores small enough such that the potential minimum is at the axis. The barrier experienced will depend on the difference between the potential energies at r c0 and r c1 , which is again related to the sum of the radial and angular kinetic energies. The decrease in activation energy at small pore sizes is due to the largely repulsive character of the pore walls, as a result of which r c1 is very close to r c0 and the barrier approaches the mean radial kinetic energy k B T/2, as is evident from Figure 6 . 6 . Variation of the activation energy and the minimum potential energy in the pore with the pore diameter, estimated for methane ). The filled points (•) correspond to the activation energy while the upper full line corresponds to the minimum potential energy.
INFLUENCE OF SURFACE MORPHOLOGY
It has long been recognized that the surface morphology has an important influence on the transport (and hence on the diffusion coefficient). While the results reviewed above have primarily been based on the assumption of the diffuse reflection of atoms colliding on the pore surface, in an actual case the reflections are likely to be somewhere between the limits of perfectly diffuse and specular depending on the atomic scale features and the morphology of the pore surface. von Smoluchowski recognized this as early as 1910 and introduced a constant α, which he denoted as the fraction of the wall collisions that are diffuse with the remainder being specular. Based on this model of partially diffuse reflection, von Smoluchowski showed that the Knudsen coefficient in equation (7) for non-interacting systems is corrected to:
in which the factor (2 -α)/α corrects for only a fraction of the reflections (α) being diffuse.
An alternate view that each reflection has a diffuse as well as a specular component has also been considered in the literature, most recently by Arya et al. (2003) . These authors have suggested that a fraction (1 -a) of the incident velocity of an atom colliding with the surface is retained upon reflection, while the remainder of the reflected velocity is random, leading to a correction factor different from the von Smoluchowski correction of (2 -α)/α. While the new correction was validated for slit pores by Arya et al. (2003) against molecular dynamics simulation for a non-interacting system, in reality each collision is individually affected by the local morphology of the surface and the value of a is therefore not uniform. Consequently, both approaches are essentially effective representations. When velocity distributions are interpreted by either approach, the appropriate factor will produce the correct transport coefficient in a consistent simulation. Thus, there is no obvious choice regarding the definition of α. Indeed, in our laboratory we have shown theoretically that the von Smoluchowski correction of (2 -α)/α is exact even for interacting systems, both under equilibrium as well as nonequilibrium conditions. Figure 7 (Bhatia and Nicholson 2005) depicts the variation of the diffusivity with α (the fraction of reflections that are diffuse) for methane in a cylindrical silica pore at 300 K, showing excellent agreement of the factor (2 -α)/α with simulation. In this case, the theoretical estimate was obtained by multiplying the result of equation (6) by (2 -α)/α.
While the above models provide effective approaches for representing the influence of morphology on the transport, they are not mechanistic and do not relate the value of α to the surface features of the solid phase. To this end, Arya et al. (2003) have carried out simulations of fluid-wall collisions to determine the variation of the value of α with the lattice constant of the solid surface as well as the LJ parameters of the fluid-solid interaction. Figure 8 shows that as the size of the fluid molecules increase relative to the lattice constant of the solid, L, the reflections are increasingly specular and α → 0, while Figure 9 shows that with an increase in the fluid-solid interaction energy parameter, ε fs , the reflections are increasingly diffuse and α → 1 (Arya et al. 2003) . Figure 8 also suggests that for atomically rough surfaces having a relatively large lattice parameter, L, the reflections are increasingly diffuse and α →1. Theoretical predictions of such effects have, however, yet to be published and recourse to simulation is the most useful method available at present.
The above results for the effect of surface morphology are consistent with recent findings of rapid transport with nearly specular reflection and small α in carbon nanotubes and from graphitic surfaces Sholl 2003, 2004; Sokhan et al. 2001 Sokhan et al. , 2002 Bhatia et al. 2005) , due to the
small lattice constant of 0.142 nm of the covalently bonded carbon atoms relative to the molecular size of the diffusing species. Figure 10 (Bhatia et al. 2005) shows the variation of the transport coefficient with the density of methane and hydrogen in a (10, 10) carbon nanotube (diameter, 1.356 nm) at 298 K, in which the symbols depict the transport coefficient obtained from EMD simulations using atomistic models of the surface while the curves represent the theoretical results obtained using equation (6) and considering diffuse reflection. The latter transport coefficient is almost three orders of magnitude smaller, confirming the smooth nature of the energetic landscape of the nanotube surface which leads to nearly specular reflection of the diffusing molecules. The specular reflections mitigate momentum loss on fluid-wall collision, thereby reducing the surface frictional force opposing that applied to the fluid (e.g. the chemical potential gradient) which leads to the high transport coefficients. Figure 11 depicts the variation of α with density for methane and hydrogen transport in the (10,10) nanotube, determined from the simulation values of D to and equation (6) along with the correction factor (2 -α)/α. The viscous contribution to the flow was found to be negligible in the nanotube, with the diffusive contribution due to interaction with the surface providing the dominant mechanism. The results show the value of α to be of the order of 10 -3 and to increase with density. This increase in α with density is due to the effects of fluid-fluid interaction, with fluid molecules localized near the potential minimum location serving to roughen the 112 Suresh K. Bhatia/Adsorption Science & Technology Vol. 24 potential energy landscape perceived by fluid molecules colliding with the surface. The figure also shows that the value of α for hydrogen was larger than that for methane due to the smaller size of the former molecule, so that hydrogen is somewhat more diffusely reflected than methane. This is consistent with the simulations of Arya et al. (2003) and also justifies the nearly equal values for the transport coefficients of hydrogen and methane at low to moderate densities, as seen in Figure 10 . Further, it is evident that the reflection coefficient for methane increased somewhat more strongly with density than that for hydrogen, due to the stronger fluid-fluid interaction potential energy of the former molecule. It should be noted, however, that all these results and others in the literature (Sokhan et al. 2001 (Sokhan et al. , 2002 Sholl 2003, 2004) suggesting nearly specular reflection in carbon nanotubes are based on ideal defect-free surfaces. Simulations for nanotubes with defective surfaces (Roth and Mesentseva 2004) and experimental data with real nanotubes (Hinds et al. 2004) , however, appear to suggest that the reflections may actually be close to being diffuse, and that smooth, nearly specular, surfaces are not necessarily to be expected even for carbon nanotubes. However, much further actual experimental data are needed before a firm conclusion along these lines can be made.
SINGLE-FILE DIFFUSION
At sufficiently small pore size comparable to the molecular size, diffusing molecules cannot pass each other and the transport properties are very sensitive to the pore size -as seen by the data depicted in Figure 1 as well as that in Figures 3 and 4 . This is the configurational or single-file diffusion regime as observed in zeolites and other microporous adsorbents (Kärger and Ruthven 1992) . Despite the large amount of experimental and theoretical effort invested in studies of this regime over the past three decades, predictive models have been elusive. Among the most significant approaches developed is that of Xiao and Wei (1992) , which empirically incorporates an axial potential energy barrier at the wall as the activation energy for diffusion while retaining the Knudsen concept. However, this approach is largely arbitrary and untested against simulation or data on ideal systems covering a wide range of conditions. By employing the Knudsen expression, the approach also overlooks the effect of the potential energy profile on the trajectories. This may be the dominant effect when axial barriers are small, as in the silica pores discussed here. In the latter case, the theory presented here offers a viable model of the single-file regime which has been validated against simulation. One of the interesting predictions of our recent theory is that, in the single-file regime, the transport coefficient is independent of the density under conditions of diffuse reflection. Figure 12 (Jepps et al. 2003) , which depicts this behaviour for methane at 450 K in a silica pore, illustrates a remarkable consistency between theory and simulation. Such concentration-independent diffusivities for methane in silicalite have indeed been reported on the basis of both experiment and simulation (Maginn et al. 1993; Bowen et al. 2002) , thereby supporting the new theory. Physically, when molecules cannot pass and viscous effects are absent, the concentration independence arises because, in the single-file regime, forces due to intermolecular collisions are purely axial and do not affect the lateral oscillation period on which the transport coefficient depends. Neither do they lead to a net force on the system, so that the centre of mass motion is not affected. As a result, the transport coefficient is density-independent, which is consistent with experiments for methane diffusion in silicalite (Maginn et al. 1993 ). On the other hand, experiments and simulation with CF 4 diffusion in silicalite (Jobic et al. 2004 ) have shown a decrease in the diffusivity with increasing density, in apparent disagreement with the theory. It has been argued ) that this may be due to interpore fluid-fluid interactions as well as networking, neglected in the theory. However, an alternative explanation is that the larger CF 4 molecule is more specularly reflected from the silicalite pore surface than methane. In addition, its stronger fluid-fluid interactions lead to a significant increase in the value of the reflection coefficient, α, for CF 4 , similar to that observed for methane in carbon nanotubes, as seen in Figure 11 . Further work on studying the variation of the reflection coefficient with density for pores mimicking the surface morphology of silicalite is necessary to resolve this issue.
It may be noted here that the above discussion relating to Figure 12 (and that earlier, relating to all previous figures) concerns the transport or corrected diffusivity, for which the behaviour of the 114 Suresh K. Bhatia/Adsorption Science & Technology Vol. 24 mean squared displacement is classical, i.e. 〈z 2 〉 ∝ t. This behaviour is also valid for the self-diffusivity at low density, where intermolecular interactions are negligible. As discussed in an earlier article from our laboratory (Jepps et al. 2003) , for self-diffusivity in the single-file regime, the behaviour is non-classical at time scales and densities for which intermolecular interactions occur, with 〈z 2 〉 ∝ (Sholl and Fichthorn 1997; Mon and Percus 2002) . The approach to such behaviour was demonstrated in our recent article (Jepps et al. 2003) . However, as intermolecular interactions do not lead to a net force on the system, this behaviour does not pertain to the collective or transport diffusivity for which the centre of mass displacement displays classical Fickian behaviour.
CONCLUSIONS
We have reviewed some aspects of the effect of adsorbate interactions on transport in nanopores with the help of our recently developed theory in this article, using the diffusion of LJ fluids in smooth cylindrical pores in silica as an illustrative system. The effect of fluid-solid interactions on the transport coefficient was shown to be very profound, reducing its value by as much as an order of magnitude compared to the Knudsen theory derived for non-interacting systems. In addition, the theory shows the commonly used approximation of proportionality between the activation energy and the heat of adsorption to be fundamentally unsound. In fact, the activation energy is actually related to the mean potential energy difference between the radial bounds of the motion of the molecules oscillating over the internal potential energy surface of the pore, and is therefore related to the kinetic energy. Besides influencing the trajectories, the fluid-solid interaction also affects the nature of the reflection of molecules colliding with the pore wall, with the reflection coefficient varying from nearly specular when the fluid atom size is large relative to the solid lattice parameter, as is typical for carbon nanotubes, to nearly diffuse when the solid lattice parameter is relatively large. The latter is expected in amorphous solids or in those with atomically rough and defective surfaces.
Adsorbate-adsorbate interactions predominantly affect the transport through viscous effects which have not been considered here; however, adsorbate-adsorbate interactions can also influence the surface roughness perceived by molecules colliding with the pore wall, and lead to an increase in the reflection coefficient. Viscous interactions are absent in true single-file diffusion -the key mode by which fluid-fluid interactions can influence the transport is through their influence on the reflection coefficient, although interactions between molecules in neighbouring pores cannot be ruled out.
